The debate on mobile telephone safety continues. Most epidemiological studies investigating health effects of radiofrequency (RF) radiation emitted by mobile phone handsets have been criticised for poor exposure assessment. Most of these studies relied on the historical reconstruction of participants' phone use by questionnaires. Such exposure assessment methods are prone to recall bias resulting in misclassification that may lead to conflicting conclusions. Although there have been some studies using software-modified phones (SMP) for exposure assessment in the literature, until now there is no published work on the use of hardware modified phones (HMPs) or RF dosimeters for studies of mobile phones and health outcomes. We reviewed existing literature on mobile phone epidemiology with particular attention to exposure assessment methods used. Owing to the inherent limitations of these assessment methods, we suggest that the use of HMPs may show promise for more accurate exposure assessment of RF radiation from mobile phones.
Introduction
The health effects of radiofrequency (RF) radiation from mobile telephones are still a subject of intense debate and clearly controversial. The International Commission for Non-Ionizing Radiation Protection (ICNIRP) 2004 report on studies of mobile phones and health outcomes was highly critical of the quality of exposure assessment in all epidemiological studies in this category (Ahlbom et al., 2004) . Accurate assessment of exposure is necessary for establishing cause and effect, but this has been seldom achieved in previous epidemiological studies. Part of this problem may be due to the retrospective assessment of exposure as typically happens in case-control studies.
Inherent in case-control studies is the problem of recall bias with its potentially misleading consequence of exposure misclassification. Exposure misclassification may be differential, as in studies where cases and controls recall their mobile phone use differently. Alternatively non-differential misclassification occurs, where cases and controls have generally the same level of difficulty reconstructing their mobile phone use history. Non-differential misclassification generally results in underestimation of risk in environmental epidemiology (Budtz-Jorgensen et al., 2004) . However, the effect of differential misclassification is unpredictable.
Regardless of the nature of misclassification, the result is usually a distortion of the true relationship between exposure and outcome. This renders risk assessment following exposure almost impossible and perhaps accounts for the difficulties in interpreting the conflicting results of most epidemiological studies on possible relationships between mobile phone use and health effects. Figure 1 shows such conflicting results in two similar studies (Christensen et al., 2004; Lonn et al., 2004a) conducted in neighbouring countries using the same core protocol (Interphone).
Misclassification has particularly been a problem in studies of mobile phones and health effects. Most of these studies have relied on the historical recall of participants phone use (Hardell et al., 1999; Christensen et al., 2005; . Clearly, this is a difficult task and information from such recall is fraught with bias especially when such respondents are brain tumour patients whose memories may be affected by their disease.
Our aim in this review is to describe the strengths and limitations of past exposure assessment instruments and suggest improvements that include emerging technologies.
Methods
We performed a Medline search for studies on mobile telephone epidemiology from 1966 to 2005 using the following search terms and combinations: cellular phone, mobile phone, case-control studies, cohort studies, brain tumour, glioma, meningioma, neoplasm, electromagnetic fields, health effects, RF exposure assessment, mobile telephone epidemiology, cellular telephone epidemiology, mobile phone and brain cancers.
In all, 28 original articles were identified. Of these 18 (64%) were case-control studies all of which used questionnaires to assess exposures to RF energy from mobile phones in adult populations.
We reviewed exposure assessment instruments used in these studies. Table 1 summarises the strengths and weaknesses of various types of available exposure assessment instruments for studies of mobile telephones and health effects.
Questionnaires
In the past, most epidemiological studies investigating the possible associations of mobile phones and health have concentrated on brain tumours as the outcome of interest in adult populations. These were mostly done via the administration of questionnaires as the main exposure assessment instrument (Lonn et al., 2004a (Lonn et al., , 2005 Christensen et al., 2005; .
Questionnaires have been commonly used in research studies because they are easy and convenient for both researchers and study subjects. However, questionnaires may provide only a limited measure of mobile phone use as they rely on participants' historical recall of exposure surrogates.
Some common exposure surrogates that have been assessed in previous studies of mobile phone and health effects using questionnaires are the following:
Job titles This method of exposure assessment relies simply on job or professional titles to assign exposure. It is a very simple, rather crude method of exposure assessment and many job titles that have been considered as exposure indicators may provide a very poor proxy of RF exposure (Ahlbom et al., 2004) . Some job or professional titles that have been associated with RF exposure include physiotherapists, magnetic resonance imaging (MRI) technicians, military radar operators, RF plastic seal operators, etc.
Phone use/phone ownership There is a potential danger of considerable misclassification if the two distinct issues of phone use and phone ownership are erroneously interpreted as being synonymous. This is because some mobile telephone users are not the telephone owners. In a recent survey of Australian children aged 6-9 years, 93% admitted to using their parents' telephones to make or receive calls (Schuz, 2005) .
Proximity to base stations/residence in rural area Mobile telephones used in rural areas generally operate at a higher than normal power because of the increased distance to a base station. As a consequence, rural users are more exposed to RF radiation from these handsets compared to city dwellers who are closer to base stations (Ardoino et al., 2004; Lonn et al., 2004b) .
However, it has been argued that the multitude of base stations in cities actually lead to interference of signals, thus forcing the handsets to operate at a higher power to achieve optimum communication efficiency. It is equally possible that during peak hours, when some base stations experience highest demands, they tend to redirect calls to other less busy base stations farther away. In this way saturation is prevented, but the handset is actually operating at a higher than normal power, resulting in higher exposures to the user (Ardoino et al., 2004) .
Use in moving vehicles
More exposure occurs while in motion because of cell crossings during signal handovers. However, it should be noted that it is illegal to use a handset while driving a vehicle in many jurisdictions. Thus such exposure is likely to be underreported.
Duration of phone use On the surface, this appears to be a better proxy for RF exposure generally. The assumption is that there is a linear relationship between duration of use and cumulative exposure, thus the longer the duration of use, the greater the exposure (13). This may be true, but the as-yet unresolved problem in RF exposure assessment is that the mechanism of interaction with biological tissues still remains unclear at this stage. We are not sure whether small cumulative doses over a period of time (as in infrequent mobile telephone users) or large doses (heavy telephone users) over a short time or over many years result in an adverse effect. Besides self-reported duration of use may not always be an accurate reconstruction of telephone use.
Use indoors/outdoors The use of mobile telephone in enclosed places including indoors generally increases the operating power of the handset and may increase exposure to the user. This is owing to the shielding effect of the building materials. Conversely, use of phone outdoors is free from interference from walls and other structures within the building and ultimately results in lower exposures. Although questionnaires have been widely employed in epidemiological studies, they are not very precise exposure assessment tools especially when administered retrospectively. They are even less precise when the study subjects are brain tumour patients or when answered by proxies.
Billing/subscription records
Billing records have been used to assign exposure in some studies of mobile phone epidemiology in the past. They also provide only a crude measure of exposure as most service providers in Australia, Europe, the United States, etc. only bill outgoing calls and not incoming calls, thus underestimating the actual exposure.
In general, subscription records as exposure proxies are misleading and would result in substantial misclassification as subscribers and users only have a modest relationship. In a US survey of over 5000 telephone users who were customers of a large telephone company (Funch et al., 1996) , only 48% of account holders were the sole mobile users. A recent survey of Australian children found that 93% of 6-9-year olds, non-subscribers to any network actually use mobile phones (Schuz, 2005) , usually their parents' mobile phones.
Furthermore, caution is required in the use of billing records due to corporate listing of telephones. If such a list is used for the purposes of exposure assessment, effectively the actual users of such phones would be wrongly misclassified as unexposed. Exposure assessment is made even more complicated in situations where users of corporate-listed mobile phones have their own privately registered phones for after-hours or week-end use.
The widespread use of a prepaid option means that for a good proportion of mobile phone users it is impossible to retrieve exposure information from provider records. Users in this category might be wrongly misclassified as unexposed if only billing records were used.
The vulnerability of adolescents and the sensitivity of research in this population subgroup would raise concerns about the invasion of privacy that is associated with the use of billing/subscription records. Parents are often very wary of research that intrudes into children's privacy or has a potential to expose such children to possible (real or imagined) adult manipulation. Releasing children's private mobile numbers to researchers may be viewed by parents as potentially exposing these children to some level of risk.
Finally, a recent German validation study found that it is a costly exercise in terms of time and resources verifying whether the subscriber was the actual telephone user (Samkange-Zeeb et al., 2004) .
Network operator records
These are often described as the ''gold standard'' source of exposure information in that they provide information on exposure parameters such as the date of call, time of call, type of call, duration of call as well as incoming and outgoing calls (Parslow et al., 2003) . The use of network records eliminate recall bias and also selection bias due to differential or non-response (Auvinen et al., 2002) . However, network provider information still suffers from some of the deficiencies of billing records. They do not discriminate between subscribers as sole telephone users and shared telephone users, a factor that is very critical for exposure assessment (Samkange-Zeeb et al., 2004) . In fact in addition to all the limitations of billing records outlined above, the network information has additional disadvantages of inaccessibility and cost. Providers may be reluctant for both ethical and business reasons to release subscribers' information to researchers.
Mobile phone battery charge
It has been anecdotally suggested that the rate of mobile phone charging may be used as an exposure proxy. If this were true, it would appear to only provide a limited measure of exposure as the simple process of switching and allowing the telephone to stay on consumes charge even without using such phones to make or receive calls.
Additionally, using the charging rate as a proxy still fails to answer the fundamental consideration in exposure assessment which in this context would mean that the person who charges the phone is the sole ''consumer'' of the charge. As this is difficult to prove, charging rate may only provide limited evidence of exposure.
Furthermore, there is the challenge to recall charging rate that may not be a very pleasant or welcome experience for study participants. However, there is an argument that keeping a logbook may lift the burden of recall of charging frequency. But keeping a logbook is not stress-free and studies in the past did find that such logging may indeed be a potential source of bias. Participants may forget to log as they charge, only to complete the logbook retrospectively (Stokes and Paty, 2002) .
Another potential source of bias, if charging rate were used, would appear to be from differences in charging characteristics of individual participants. Whereas some people wait till the battery goes flat before recharging, others may prefer to recharge as soon as 50% of charge is used. Thus the rate of charge is not reflective of power consumption and this situation further complicates exposure extrapolation.
The subscriber's electricity bill may be directly proportional to electric charge consumed per given time. However in most countries, it is not a common practice to itemise electricity bills according to the contribution of various household appliances to the overall bill. Thus, using electricity bill to measure the amount of charge from mobile phones is neither scientific nor good logic. Second, a good proportion of mobile phone users may find it easier to charge their phones in the office while at work. Such electricity bills are most likely paid by the employer and not the individual.
Research diaries
Research diaries are intended to measure the subject's usual behaviour over some time period. Diaries refer to detailed prospective records kept by study participants. This method has been used in epidemiological studies to measure physical activity, sexual activity, alcohol consumption, dietary intake and other frequent exposures (Armstrong et al., 1992; Kelsey et al., 1996) .
The prospective nature of dairies makes them an attractive source of information.
Diaries relieve the participants of the burden of recalling exposures over long periods of time. Such information is likely to be more accurate than any form of retrospective assessment as it does not rely on memory (Armstrong et al., 1992; Kelsey et al., 1996) .
Unlike questionnaires, diaries do not ask participants to summarise their pattern of behaviour. Such questions as ''usual'' pattern of mobile telephone use often asked in mobile phone questionnaires are unnecessary when diaries are used. Diaries capture the daily variations in behavioural pattern rather than the ''usual'' pattern.
The justification for the use of the diary in epidemiological study may be based on a rather naı¨ve or convenient assumption that the participants are enthusiastic and motivated and would ignore all inconvenience to complete the diary dutifully. However, the reality is that most studies using diaries to measure exposure have suffered from poor response rates because of the demands keeping such diaries impose on the subjects.
Diaries are often retrospectively completed with the same pen (Hyland et al., 1993; Stokes and Paty, 2002; Stone et al., 2002) lacking butter stains and other evidence of daily use. Even then the reason for completion has been to satisfy the investigators. Prospective completion of diaries is also a possibility. Regardless of whether the diary is prospectively or retrospectively completed, the results are often misleading. Conclusions based on such exposure assessment are unlikely to reflect the true relationship between exposure and outcome.
Another disadvantage of using a diary is that the very act of keeping it may lead to modification of behaviour. In other words, the process of measurement may change that which is being measured. Record keeping may sensitise subjects to their actions or feelings and may lead them to change towards more socially desirable or health-conscious behaviours (Armstrong et al., 1992) . For example, it is an offence in many countries to drive while using handheld mobile telephones. Such behaviour may be largely underreported or not reported at all in a study of mobile phone use. Additionally, a subject using a diary in a mobile phone study may be forced to make adjustments in his/her pattern of use that may not reflect normal use. In either scenario, bias is introduced and the results of such studies may not be reliable or valid.
Unlike most exposures encountered in epidemiology, the use of mobile phone may spread throughout a 24-h period. It is highly unlikely that subjects who are suddenly awaken from sleep to answer calls would remember or consider it a priority to log in such call details in a diary. It seems overambitious to expect people to carry mobile phone diaries all through the day.
Although diaries are generally more accurate than questionnaires, their use to assess exposure makes the study subjects the primary data collectors and the researchers have no control over the quality of the data collected. Participants may enter wrong information erroneously or intentionally. In studies of mobile phones, the use of a diary for exposure assessment may not represent a very good alternative to the questionnaire. Accurate assessment of exposure depends on the quality of the collected data, which is a function of the quality assurance processes followed by the researchers and participants alike. Unfortunately with diaries, the researchers have little control and errors introduced at this stage of data collection may be difficult to account and adjust for.
Radiofrequency dosimeters
RF dosimeters, which are now commercially available, allow for personal measurements of all study subjects. Their use has parallels in studies of ionising radiation with the use of the thermoluminescent dosimeter for personnel radiation monitoring.
Some examples of the commercially available RF dosimeters are ''ESM-140 Mobile Phone Dosimeter'' (Maschek Elektronik, Kaufering, Germany) and the EME Spy 120 (former DSP090) (Antennessa, Brest, France). Both dosimeters allow measurements across frequency ranges that include GSM 900 and 1800 MHz bands and may be suitable for use in studies of mobile phones and health effects.
Both dosimeters feature MS Windows compatible software and also incorporate statistical analysis tools. It is possible to generate a spreadsheet from measurement file from which charts, prints and other complex mathematical functions can easily be generated for all bands (Antennessa, 2006; Elektronik, 2006) .
However, the present generation of RF dosimeters are sensitive to electric, but not magnetic, fields and therefore may not provide all measurements that may interest researchers. The RF dosimeter is bulky and some weigh as much as 0.5 kg (Antennessa, 2006) . Usually, these dosimeters are worn around the waist and may be more sensitive to exposures in that region. However, wearing at the waist will not provide an accurate measure of exposure to the head.
Although the dosimeter may be suitable for assessment of RF exposures from mobile phone base stations as exposure from such sources is more uniform over the body, a recent German feasibility and reliability study of these two dosimeters found that the DSP090 was not suitable for all ages. Owing to their size and weight, children in the study carried them in their bag packs (Radon Katja et al., 2006) .
Software-modified phones
The software-modified phone (SMP) is a normal mobile telephone whose software has been modified to capture exposure parameters such as date and time of call, output power level as well as the frequency band associated with mobile telephone calls (Ardoino et al., 2004; Vrijheid et al., 2006) . Thus it performs the dual functions of mobile telephone and dosimeter. An SMP records the cumulative emitted power of the handset when connection is made with a base station (Berg et al., 2005) . The cumulative emitted power is a fair proxy for the specific energy absorption rate (SAR), which is a measure of the RF energy absorbed by mobile telephone users. In most studies of mobile telephone epidemiology, the estimations of SAR were crude and potentially misleading as these were based on surrogates of exposure such as duration of call, type of handset and number of calls, obtained from questionnaires. The use of SMPs is, therefore, a major step forward towards more accurate exposure assessment and has already been applied in validation studies of mobile phone use (Berg et al., 2005; Vrijheid et al., 2006) .
Although the introduction of SMPs is without doubt a significant contribution to exposure assessment, they only give a limited measure of exposure as they do not take into account the positioning of the telephone antenna in relation to the head. Also in normal conversation, there are power fluctuations depending on if the user is actively talking or simply listening. The SMP does not capture these fluctuating power levels in the sequence they occur, but only records the output power at a preset sampling frequency, thus missing out on the power fluctuations in between samples. In a recent German validation study, the recording sampling frequencies were set at 0.12 and 2.5 s (Berg et al., 2005) Hardware-modified phone
The hardware-modified phone (HMP) is also a dose-phone. Unlike the SMP, there are currently no published epidemiological studies using the HMP. A common practice in mobile telephone epidemiology has been assessment of exposure based on self-reported cumulative duration of phone use, which is calculated as the product of average call duration and cumulative number of calls. But both self-reported average call duration and cumulative number of calls are subjective and amenable to recall bias. Thus a product of the two may not also be an accurate measure of exposure (Berg et al., 2005) . HMPs do not rely on participants' recall of phone use as with SMPs the call duration and number of calls are automatically logged without any inconvenience to the user.
The additional feature is that HMPs are designed to orient the phone in the x, y and z planes in the course of normal telephone conversation. They capture various tilts and rotations of the phone associated with conventional everyday use --conditions that contribute significantly to SAR levels experienced by the user.
SAR is directly related to power levels. But power levels are not constant throughout the duration of a telephone call. Indeed it fluctuates significantly during telephone conversation depending on if the user is talking or listening (Wiart et al., 2000) . Accurate exposure assessment must be able to account for the differing power levels or power control data at all points during calls. Until now it was not possible to quantify this very important component and hence most epidemiological studies were silent on the issue. HMPs record the actual power fluctuations as well as positioning data associated with each call.
HMPs do not burden study participants with data handling. Data are automatically transmitted to the researcher's computer via e-mail during routine battery charging (Figure 2 ). Such data transmission does not require network provider services, hence privacy is reasonably assured.
Discussion
We have reviewed exposure assessment methods used in mobile telephone epidemiology. Most of these studies only used questionnaires for exposure assessment. The rapid development of mobile telephony means that the era of a questionnaire as the only exposure assessment tool appears to be fast fading. There is a need for alternative, technologically relevant and more direct exposure assessment tools for epidemiological studies.
The use of questionnaires in mobile phone epidemiology although convenient for researchers, has placed such a huge burden on study participants to recall exposures. This is clearly a very difficult task, which is not helped by some questionnaire problems that include length, ambiguous questions, use of words that some respondents do not understand and asking about events that most people cannot remember. Previous studies investigating possible associations between mobile phone use and adverse health outcomes have not commented on the important issue of international travel. However, this is an issue that needs to be addressed given the local variations in provider and handset characteristics. Increasing numbers of users are permanently relocating from one global region to another. Usually, this comes with some costs that include the stress of settling into a new system. People in such situation may not be able to reconstruct their mobile phone use history correctly.
Most epidemiological studies on this topic have suffered from poor response rate, which is probably a consequence of using the questionnaire as an exposure assessment tool. This has led to diminished statistical power and the external validity of many studies has been challenged.
Accurate assessment of exposure is critical in establishing cause and effect in epidemiology. Exposure assessment to RF radiation from mobile phones is sensitive, difficult and generally acknowledged as insufficient and requiring substantial further refinement. Such refinement is necessary given the level of public anxiety, which is not helped by conflicting results of epidemiological studies on this topical issue.
Our view is that HMPs have the potential of reducing to a tolerable level the burden of recall of exposures in participants of mobile phone studies. Their use represents a departure from the familiarity of questionnaire administration to actual measurement of RF radiation from mobile phones.
Poor response rates and selection bias are the Achilles heel of many epidemiological studies. These problems in part may be attributable to participants' privacy concerns regarding the handling and management of personal information. Such concerns are perhaps not always misplaced. It may be viewed as a doubling of responsibility, such as in situations where participants in a typical mobile telephone study using provider records have to contend with not only the inconvenience of their voluntary participation, but also the consequences of potentially exposing contact details of their non-participant acquaintances. In the summary table (Table 1) , we refer to these acquaintances as ''the called number''.
SAR like most bioelectromagnetic quantities obeys the inverse square law, thus the greater the distance from the handset, the lesser the SAR deposited to the head. This would suggest the need for a measuring instrument to capture the proximity of the phone to the head in studies of phone use and brain tumours or cognitive functioning. However, the present generation of HMPs do not measure proximity of phone to the body. They also require extensive laboratory calibration before use.
A further limitation is that the present prototypes are not the most attractive handsets around. Indeed they would benefit from redesign if they are to be accepted by participants, particularly adolescents and teenagers.
Mobile phone epidemiology is a complex subject, further complicated by difficulties in exposure assessment. Although no single instrument is capable of addressing all the challenges posed by mobile phone exposure assessment, the HMP represents the most significant step yet in our search for solutions to RF exposure assessment. Their more widespread use holds some promise and should be applied to exposure assessment in studies of associations between RF and health effects.
